PURPOSE We investigated the association between gastric cancer and environmental and dietary exposures. In addition, we explored probable mechanistic pathways for the influence of biomass smoke on gastric carcinogenesis.
INTRODUCTION
Gastric cancer is one of the leading causes of cancerrelated deaths worldwide, 1 but in Africa, data on its occurrence are scanty. 2 Scarce resources limit the ability to diagnose, treat, and stage gastric cancer, compromising the ability to clearly understand the epidemiology of the disease in Africa. 3 Furthermore, there are limited population-based registries and poor record keeping in many African centers. 4 Our preliminary work on gastric cancer in Zambia provided the basis to further explore risk factors associated with gastric carcinogenesis. We observed that the diagnosis of early-onset gastric cancer was unexpectedly high and that patient outcomes were poor. [5] [6] [7] These preliminary data also showed no association between gastric cancer and the Helicobacter pylori virulence factor CagA. 6, 8 Therefore, we endeavored to evaluate environmental and dietary influences on gastric cancer in Zambia.
The role of nutrition in the development of gastric cancer has been widely investigated with inconsistent results, 9 and much of the data have been obtained from observational studies. 10 Mycotoxins are one of the most common dietary contaminants in Africa. [12] [13] [14] They are small-molecular-weight compounds produced by filamentous fungi or molds under suitable temperatures and humidity. Aflatoxins are such toxins, produced by fungi of the Aspergillus species and Author affiliations and support information (if applicable) appear at the end of this article.
Accepted on February 24, 2020 and published at ascopubs.org/journal/ go on March 31, 2020: DOI https://doi. org/10.1200/GO.20. 00002 known to contaminate peanuts and maize, whereas ochratoxins mainly contaminate cereals, coffee, and grape berries. These mycotoxins have the potential to be carcinogenic. Biomass smoke is produced by the combustion of any organic matter, such as firewood, charcoal, grass, or dung. These are common sources of fuel in Africa, with . 70% of the population depending on biomass fuels. 15 However, the health consequences of long-term, or even lifetime, exposure to biomass smoke have been poorly investigated. Several researchers have linked squamous cell carcinoma of the esophagus to biomass smoke exposure, [16] [17] [18] but the evidence for gastric cancer is scanty. For example, a study involving fire fighters in Sweden showed that they had an increased risk of developing gastric cancer, 19 but this was indirect evidence.
We explored a possible link of gastric carcinogenesis to dietary factors including exposure to mycotoxins and biomass smoke. In addition, we explored measurable biomarkers including urinary 1-hydroxypyrene (1-OHP), a metabolite of one of the major constituent groups of biomass smoke, polycyclic aromatic hydrocarbons. Evidence of oxidative stress measured by urinary 8-isoprostanes was also evaluated. Oxidative stress to DNA double bonds was estimated using urinary 8-hydroxydeoxyguanosine (8-OHdG) and serum γ-H2AX. H2AX is one of the histone octamers that DNA is wrapped around and could be used to estimate double-stranded breaks. Although some of these biomarkers reflect only short-term exposure, we looked for early evidence that they could illuminate the connection between exposure and cancer development. The University of Zambia Biomedical Research Ethics Committee (reference No. 000-03-16) approved this study.
PATIENTS AND METHODS

Patient Recruitment
This was a case-control study conducted at the University Teaching Hospital (UTH) in Lusaka, Zambia, between July 2016 and April 2018. UTH is the largest referral hospital in Zambia, serving patients from all ten provinces of the country. Patients referred for a diagnostic esophagogastroduodenoscopy (EGD) were targeted for enrollment. Patient cases were patients diagnosed with gastric cancer, whereas controls had no endoscopic or histologic evidence of malignancy. All patients presenting to the UTH endoscopy unit for EGD were considered for study enrollment. Patients who gave written informed consent were included in the study. From these, we excluded individuals with prior history of gastric or esophageal cancer diagnosis or therapy. For assessment of lifestyle risk factors, we used interviewer-administered questionnaires, which included questions on diet, biomass smoke exposure, and socioeconomic factors. Biologic samples were collected to search for biochemical corroboration of reported exposures.
EGD
After obtaining consent, an EGD was performed in fasted patients. During the EGD, biopsies were taken from gastric lesions suspected of being malignant. In all cases, at least six biopsies were taken from various sites of the lesions. For those without suspicious lesions, six biopsies were taken, two each from the antrum, incisura, and body. All biopsies were immediately placed in formalin and sent for histopathology. An experienced technician using standard methods processed biopsies sent for histopathology. The study histopathologist (A.S.) evaluated all the slides to determine the histologic diagnosis. Gastric adenocarcinomas were divided using the Lauren classification into intestinal type, diffuse type, and mixed type (composed of both the intestinal and diffuse types). Peripheral blood (serum later extracted) and urine samples were collected and stored at −80°C until analysis using the techniques outlined in the following sections.
Urinary 8-OHdG
Urine levels of 8-OHdG were measured using enzymelinked immunosorbent assay (ELISA) kits (MyBioSource, San Diego, CA) following the manufacturer's instructions.
CONTEXT
Key Objective
There is a high proportion of early-onset gastric cancer among Zambian adults. This cannot be explained by the high incidence of Helicobacter pylori infection alone. Therefore, we set out to investigate other factors that could be associated with gastric cancer.
Knowledge Generated
We found that exposure to biomass smoke, poverty, and rural residence were risk factors for gastric cancer. Exposure to biomass smoke on its own was associated with oxidative stress. We also found that daily consumption of green vegetables was negatively associated with gastric cancer. We found no association with either aflatoxin or ochratoxin exposure. Relevance Our study indicates that improvement of socioeconomic status, use of cleaner fuels, and healthier diets could affect the occurrence of gastric cancer in Zambia.
Optical density was read at 450 nm. Results were corrected for creatinine excretion and reported as nanograms of 8-OHdG per milligram of creatinine.
Urinary 8-Isoprostanes
Following the manufacturer's instructions, urinary levels of 8-isoprostane were measured using ELISA (Detroit R&D, Detroit, MI). Optical density was read at 450 nm. These readings were also corrected for creatinine, and the final results were reported as nanograms of 8-isoprostanes per milligram of creatinine.
Serum Human H2AFX
Sera were analyzed for human H2AFX (histone H2AX) by ELISA (MyBioSource) at 1:10 dilution, as instructed by the manufacturer. Optical density was again read at 450 nm, and the results are reported in picogram per milliliter.
Urinary 1-OHP
High-performance liquid chromatography (HPLC) was used to measure urinary concentration of 1-OHP after enzymatic hydrolysis of the conjugates. The phenolic compound stock standard (Clincal; reference No. 9925; Recipe Chemicals, Munich, Germany) was used as the calibrator to make up standards from concentrations of 0.55 to 3.00 mg/L in deionized water. To all samples, calibrators, and controls (600 mL volume), β-glucuronidase enzyme mix (300 mL) was added. The enzyme mix was prepared by adding β-glucuronidase (50 mL) to 0.1 M of sodium acetate buffer pH 5 (5 mL). All samples, controls, and calibrators were incubated at 37°C for 4 hours followed by analysis on the HPLC system. Two certified reference controls (ClinChek; reference Nos. 8923 and 8924; Recipe Chemicals), levels 1 and 2, were used and run after the calibration and after every 10 samples. The percent recovery of the 2 certified reference controls, ClinCheck levels 1 and 2, are 97% and 95%, respectively. The limit of quantitation was 0.052 mg/L. A Waters (Milford, MA) system HPLC was used, with a 1525 binary pump, 717 autosampler, and 2475 fluorescence detector. The mobile phase consists of a methanol-to-water ratio of 3:1. The volume injected was 100 mL, and separation was performed on a Phenomenex SphereClone 3 mm ODS (2) 80Å 100 × 4.6 mm column (Phenomenex, Torrance, CA). The excitation wavelength was set at 242 nm and the emission wavelength at 388 nm. The flow rate was 1 mL/min for 5 minutes. The levels of 1-OHP were reported in microgram per gram of creatinine.
Testing for HIV
Serum was tested for HIV antibodies using Uni-Gold rapid diagnostic kits (Trinity Biotech, Wicklow, Ireland).
Statistical Analysis and Data Availability
Medians and interquartile ranges were used to summarize continuous variables. Two-way analyses were used to look for associations between gastric cancer and the exposures of interest using either the Fisher's exact or χ 2 test. In addition, stepwise unconditional logistic regression was used to assess the relative contributions of different 
RESULTS
We recruited and studied 388 participants, 92 of whom (24%) had gastric cancer seen during endoscopy and 296 of whom were initially recruited as controls. For analysis of risk factors, only those with confirmed adenocarcinoma were included as patient cases (n = 72). The remaining 20 patients with gastric cancer seen during endoscopy had either no confirmatory histology report (n = 8) or other types of gastric cancer, including squamous cell or unclassified carcinomas (n = 8), gastric stromal cancer (n = 2), non-Hodgkin lymphoma (n = 1), or a hematolymphoid tumor (n = 1). Patients without any detectable gastric premalignant lesions seen on histology were used as controls (n = 244). We excluded patients with either gastric atrophy or intestinal metaplasia from the final risk factor analysis ( Fig 1) .
Characteristics of Enrolled Patients and Their Association With Gastric Cancer
Patients with gastric cancer were significantly older than those without cancer (Table 1) . Therefore, age was adjusted for in subsequent analyses. Gastric cancer was significantly associated with poor housing, poor water, and lack of a kitchen (all P , .05; Fig 2) . Patients with gastric cancer had higher odds of having a low socioeconomic status assessed using the previously mentioned parameters (OR, 4.2; 95% CI, 1.9 to 9.1; P = .0002). Applying an unconditional logistic regression analysis adjusted for age, sex, and residence, patients with gastric cancer had significantly higher odds of not having good housing (OR, 5.3; 95% CI, 2.1 to 13.5; P , .0001) or a kitchen (OR, 3.4; 95% CI, 1.5 to 7.4; P = .003).
Association Between Gastric Cancer and Biomass Smoke Exposure
Overall, 110 (35%) of 316 participants reported that they were completely reliant on biomass fuel for cooking, whereas another 107 (34%) of 316 used it occasionally because they had access to electric stoves. Thirty-nine percent of participants (99 of 316 participants) did not use biomass fuels in their homes at all. There was an association between gastric cancer and reliance on biomass fuel (OR, 3.5; 95% CI, 1.9 to 6.2; P , .0001). Two of the 3 unconditional logistic regression models factoring in parameters used to assess socioeconomic status and basic characteristics showed that biomass smoke exposure was an independent risk factor gastric cancer ( Table 2) . Of the patients with results for Lauren tumor classification, 28 (62%) of 45 had intestinal, 15 (34%) of 45 had diffuse, and 2 (4%) had mixed type of gastric cancer. Intestinal-type gastric cancer was associated with biomass smoke (OR, 3.6; 95% CI, 1.5 to 9.1; P = .003), whereas the diffuse type was not (OR, 0.9; 95% CI, 0.2 to 3.1; P = 1.00).
Associations Between Biomass Smoke Exposure and Measurable Biomarkers in Patients Without Gastric Cancer
We compared levels of 1-OHP, 8-OHdG, γ-H2AX, and 8-isoprostanes between patients frequently, occasionally, and rarely exposed to biomass smoke. Patients with history of cigarette smoking (n = 19) were excluded from this analysis. creatinine) than controls (median, 4.0 ng/mg creatinine; IQR, 2.0-10 ng/mg creatinine; P = .012).
We then analyzed the influence of biomass smoke exposure on these biomarkers among controls only. Using the nonparametric test for trend, measured levels of 1-OHP, 8-OHdG, and 8-isoprostanes were significantly higher with increased use of biomass fuels (Fig 3) . Table 3 compares daily and regular (at least once a week) consumption of various food types and groups in patients with gastric cancer and controls. There was a significant negative association between gastric cancer and regular consumption of green vegetables, eggplants, or fruit ( Table 3 ). Despite the small numbers, daily consumption of processed sausages was associated with gastric cancer. Using unconditional logistic regression adjusted for age, sex, and residence, gastric cancer was negatively associated with daily consumption of green vegetables (OR, 0.2; 95% CI, 0.1 to 0.5; P = .0001) and positively associated with daily consumption of processed meat (OR, 6.4; 95% CI, 1.3 to 31.8; P = .022).
Dietary Exposures and Gastric Cancer
Gastric Cancer and Dietary Exposure to Mycotoxins
Of 254 patients with aflatoxin M1 results, 149 (63%) had detectable toxin in their urine. The median urinary aflatoxin M1 level was 33 ng/mL (IQR, 22-53 ng/mL); after correcting for urine creatinine, the median level was 35 ng/mg creatinine (IQR, 11-397 ng/mg creatinine). This was not dependent on age (P = .38) or sex (P = .37) but was significantly higher in patients living in urban areas (Fig 4) .
Having aflatoxin in urine was not affected by lack of basic household goods (P = .40) or good housing (P = .34). Of the patients with ochratoxin results, 278 (96%) of 289 had evidence of ochratoxin A in their blood. The median level was 0.1 ng/mL (IQR, 0.06-0.16 ng/mL). There was no significant difference in ochratoxin levels for patients living in rural or urban areas (Fig 4) . Similarly, ochratoxin levels were not different between patient cases and controls (Fig 4) . Age, sex, and socioeconomic class had no influence on ochratoxin levels (P = .65, .56, and .82, respectively). No Use Occasional Use Regular Use 
No Use
DISCUSSION
In this study, gastric cancer was associated with low socioeconomic status, frequent exposure to biomass smoke (an effect restricted to intestinal-type cancers), and regular consumption of processed meat. Regular consumption of fruits and vegetables was protective against gastric cancer, and exposure to biomass smoke was associated with evidence of oxidative DNA damage in controls.
As previously published, the median age for patients with gastric cancer was at least a decade lower than that reported from developed countries, with 20% of the patients being under the age of 45 years (early-onset cancers). 6 The prevalence was not significantly different between males and females, which is another point of distinction from industrialized countries, where male patients predominate. 1 Biomass smoke was associated with gastric cancer, a finding that requires further corroboration. Controls exposed to biomass smoke had significantly higher levels of urinary 8-OHdG and 8-isoprostanes than those not frequently exposed, suggesting a link between biomass smoke and oxidative stress. This is consistent with a Norwegian study that showed that oxidative damage to DNA and repair was induced by wood smoke particles in human A549 and THP-1 cell lines. 23 Cigarette smoking is a well-described risk factor for gastric cancer. 24, 25 Some of the carcinogenic compounds that are found in cigarette smoke (eg, benz[a]anthracene and benzo[a]pyrene) are also found in biomass smoke. 26 There may be molecular parallels between swallowed biomass smoke and inhaled tobacco smoke, both of which increase cancer risk by inducing oxidative stress in epithelial cells.
Measured urinary levels of 1-OHP, a metabolite of polycyclic aromatic hydrocarbons (PAHs), were not associated with gastric cancer but were increased with exposure to biomass smoke in a stepwise manner. 1-OHP is not the best biomarker for assessment of long-term biomass smoke exposure because metabolism of PAH is rapid, and therefore, checking for metabolites in urine might not necessarily be an accurate reflection of such exposure in patients whose cancer has already developed and who would already have adapted to severe ill health. Changes in behavior when gastric cancer developed could have led to reduced exposure to biomass smoke, resulting in lower 1-OHP levels, perhaps because ill health reduces activities of daily living. In addition, measured PAH metabolites could have also come from other sources such as fumes from diesel engines, resulting in higher readings in patients not reliant on biomass fuels. This might be especially true in urban areas or near main roads. A study cohort including 256,357 men in Sweden showed that there was an increased risk of gastric cancer in workers exposed to diesel fumes. 27 In addition, a 15-year United Kingdom (UK) cohort study involving more than 34 000 employees in eight UK oil refineries found that gastric cancer risk was increased in laborers with long service compared with the UK general population. 28 All these data illustrate the need for further research on environmental pollution and gastric cancer.
Studies from developed countries have linked gastric cancer to low socioeconomic status. 29 In this study, patients with gastric cancer had less basic household items and were living in poorer-quality houses without ready access to piped or treated water. This effect remained significant after adjusting for rural residence, which is where many of the patients lived. We believe that the effect of poverty may operate through some of the risk factors we have identified. Many Zambians do not eat fruit on a daily basis, and the widely available or affordable fruits are predominantly seasonal. These data add more evidence in support of the protective properties of regular fruit intake. Some investigators have reported a benefit of Allium vegetables, such as onions, for protection against gastric cancer. 30, 31 Our data did not show any significant protection of Allium vegetables against gastric cancer probably Gastric Cancer and Biomass Smoke Exposure in Zambia because of the low number of patients not eating onions on a daily basis. Regular consumption of eggplants (aubergines) was found to reduce the odds of having gastric cancer. Eggplants are not part of the traditional Zambian diet, but their consumption is increasing, particularly in urban areas. They are solanaceous plants containing glycoalkaloids, which are believed to have some anticarcinogenic properties. 32 This could explain their negative association with gastric cancer.
The proportion of patients with detectable aflatoxin M1 in their urine was high, particularly for those living in urban areas. It could be an indication of poor grain storage, especially maize, which is the staple food in Zambia. Socioeconomic status did not show any influence on exposure to aflatoxins, suggesting that the source of the toxin could also be from well-packaged commercially available maize and groundnut products consumed by urban dwellers, rich or poor alike. Patients with gastric cancer had significantly lower aflatoxin M1 levels than the controls. This could be a result of changes in food intake as a result of the illness itself. In addition, the metabolism of aflatoxins is quite rapid, and the assay we used was only validated to determine exposure of aflatoxin ingestion in the prior 2 to 3 days. 33 Exposure to ochratoxins was high in this patient group. The proportions found were much higher than those reported among Koreans (42%). 34 However, unlike the aflatoxins, there was no significant difference between urban and rural residents or between patient cases and controls.
Despite the known limitations of a hospital-based study, mapping the town of permanent residence showed a fairly good representation of patients across the country, correlating well with the population distribution in Zambia. We do acknowledge that these data represent a convenience sample based on referral for EGD and not a populationbased sample; therefore, they may not reflect epidemiology across the whole nation.
In conclusion, biomass smoke exposure is a risk factor for gastric cancer, possibly mediated through oxidative stress. Regular consumption of green vegetables and eggplants reduces the odds of developing gastric cancer, whereas regular consumption of processed meat increases the odds of developing gastric cancer.
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